Rationale: In a clinical trial by the Acute Respiratory Distress Syndrome Network (ARDSNet), mechanical ventilation with tidal volumes of 6 ml/kg decreased mortality from acute lung injury. However, interpretations of these results generated controversy and it was unclear if this trial would change usual-care practices. Objectives: First, to determine if clinical practices at ARDSNet hospitals changed after the tidal volume trial. Second, to determine if tidal volume and plateau pressure (Pplat) within 48 hours before randomization affected hospital mortality in patients subsequently managed with 6 ml/kg predicted body weight (PBW). Methods: We used preenrollment data from 2,451 patients enrolled in six trials (1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005) to describe changes in tidal volume over time. We used logistic regression to determine if preenrollment tidal volume or Pplat affected mortality. Measurements and Main Results: Median preenrollment tidal volume decreased from 10.3 ml/kg PBW (range, 4.3-17.1) during the tidal volume trial (1996)(1997)(1998)(1999) to 7.3 ml/kg PBW (range, 3.9-16.2) after its completion (P , 0.001). Preenrollment tidal volume was not associated with mortality (P 5 0.566). The odds of death increased multiplicatively with each cm H 2 O of preenrollment Pplat (P , 0.001) (e.g., the odds of death was 1.37 times greater when preenrollment Pplat increased by 10 cm H 2 O). Conclusions: Physicians used lower tidal volumes after publication of the tidal volume trial. Preenrollment Pplat was strongly associated with mortality, and may reflect disease severity independent of tidal volume. Pplat measured early in the course of acute lung injury, after accounting for tidal volume, is a respiratory system-specific value with strong prognostic significance.
In the United States, acute lung injury (ALI) and the acute respiratory distress syndrome (ARDS) affect approximately 190,000 patients each year and are associated with 75,000 deaths (1) . In May 2000, the National Institutes of Health Acute Respiratory Distress Syndrome Network (ARDSNet) published results of a randomized clinical trial that compared clinical outcomes of patients who received mechanical ventilation with a traditional or a lower tidal volume strategy. Hospital mortality was decreased and ventilator-free days were greater in patients who received the lower tidal volume strategy (2) . Interpretations of these results, however, generated controversy regarding the relationship between the tidal volumes used in the trial and those used in usual-care practices (3) . Moreover, early reports documented either no change or a modest change in tidal volume shortly after publication of the tidal volume trial (4-7). Therefore, it was unclear if the results of the tidal volume trial would change usual-care clinical practice at ARDSNet hospitals. To address this question, we used data from the preenrollment period in patients who were enrolled in ARDSNet clinical trials. We assume that preenrollment tidal volume reflects usual-care clinical practices at ARDSNet hospitals. Although clinical practices at ARDSNet hospitals may not represent those at other hospitals in the United States, we reasoned that changes in clinical practices were unlikely to occur at other hospitals if they did not change at ARDSNet hospitals.
In a previous analysis of ARDSNet data between March 1996 and March 1999, preenrollment tidal volumes were highly variable (8) . Therefore, our secondary objective was to determine if exposure of less than 48 hours to higher tidal volume affected hospital mortality in patients who were subsequently managed with lower tidal volume after enrollment in ARDSNet clinical trials. Data were available in patients who were enrolled within 36 (2, (9) (10) (11) to 48 hours (12, 13) after the onset of ALI/ ARDS, but not in patients who died in that time period or in patients who were mechanically ventilated for longer than 36 to 48 hours after onset of ALI/ARDS. We reported preliminary results in an abstract (14) .
METHODS

Description of Studies
Since 1996, the ARDSNet has conducted seven multicenter clinical trials (2, (9) (10) (11) (12) (13) 15) . Patients were eligible for enrollment if they were intubated, received mechanical ventilation, and met American-European Consensus Conference criteria for ALI/ARDS (16) . ARDSNet trials required enrollment within 36 (2, 9-11) to 48 hours (12, 13) when
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
In an ARDS Network clinical trial, mechanical ventilation with low tidal volumes decreased mortality from acute lung injury. Interpretations of these results generated controversy, and it was unclear if this trial would change clinical practice.
What This Study Adds to the Field
Substantial reduction in usual-care tidal volumes occurred at ARDS Network hospitals after the trial. Plateau pressure early in the course of acute lung injury, accounting for tidal volume, is a respiratory system-specific value that predicts mortality.
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ALI/ARDS criteria were first met. Patients who were mechanically ventilated for longer than 36 to 48 hours after the onset of ALI/ARDS were excluded. The ARDSNet recorded physician-prescribed ventilator settings before randomization in six trials. After enrollment, tidal volume was controlled according to protocol rules; therefore, preenrollment tidal volumes were in use for less than 36 (2, 9-11) to 48 hours (12, 13) according to the eligibility criteria of each clinical trial.
Definitions
We defined volume-targeted ventilation when assist-control, synchronized-intermittent mechanical ventilation, with or without pressure support, or pressure-regulated volume control was used. We defined pressure-targeted ventilation when pressure control, pressure assistcontrol, inverse ratio ventilation, or pressure support was used.
Between March 1996 and March 1999, patients received either a traditional tidal volume strategy (goal VT of 12 ml/kg predicted body weight [PBW] , with plateau pressure [Pplat] limited to 50 cm H 2 O) or a lower tidal volume strategy (goal VT of 6 ml/kg PBW with Pplat limited to 30 cm H 2 O) (2) . After the results of the tidal volume trial were publicly announced in March 1999, all patients were subsequently managed with the 6-ml/kg PBW tidal volume protocol. We defined the period during the tidal volume trial as March 1996 to March 1999. We defined the period after completion of the tidal volume trial as April 1999 to October 2005. We stratified preenrollment tidal volumes into 6.5 ml/kg PBW or less, 6.51-12 ml/kg PBW, and greater than 12 ml/kg PBW. We used 6.5 ml/kg PBW as the lower cutoff because this cutoff was chosen by the ARDSNet when evaluating compliance with the 6-ml/kg PBW tidal volume protocol.
We calculated static respiratory system compliance as VT/(Pplat 2 positive end-expiratory pressure).
Biostatistical Methods
Our first objective was to determine if mechanical ventilation practices at ARDSNet hospitals changed after the tidal volume trial. Our second objective was to determine if a higher tidal volume and Pplat during the 48 hours preceding randomization (i.e., preenrollment) affected hospital mortality in patients subsequently managed with 6 ml/kg PBW.
The primary outcome for our first objective was preenrollment tidal volume. Secondary outcomes at preenrollment included modes of ventilation, Pplat, and positive end-expiratory pressure (PEEP). We used the Cochran-Armitage statistic (17) to assess for trends in proportions over time. We used a x 2 test to compare medians (18) . We used a x 2 test to compare multiple correlation coefficients (18) . We used a t test to compare means and linear regression to compare slopes.
The outcome of our second objective was hospital mortality. We used a subset of patients managed with the 6-ml/kg PBW tidal volume protocol after enrollment. We excluded patients managed with the 12-ml/kg PBW tidal volume protocol after enrollment because these patients had greater hospital mortality than those managed with the 6-ml/kg PBW tidal volume protocol (2) .
We approached our analysis in steps. First, we conducted an exploratory analysis to investigate the shape of the relationship between each predictor and the log odds of death. Second, we used logistic regression to model the effects of preenrollment tidal volume and Pplat on hospital mortality after controlling for age, APACHE (Acute Physiology and Chronic Health Evaluation) III score, partial pressure of carbon dioxide (Pa CO 2 ), length of hospital stay before onset of ALI/ ARDS, calendar year, sex (males were the reference category), ethnicity (whites were the reference category), Pa O 2 /FI O 2 , and PEEP. With the exception of preenrollment tidal volume, the relationship between continuous predictors and the log odds of death was closely linear. We used a natural cubic regression spline (19) to model the nonlinear shape of the relationship between preenrollment tidal volume and the log odds of death. Third, we used the Hosmer-Lemeshow test to determine goodness-of-fit (20) , and evaluated residuals to identify outliers (20) .
RESULTS
Study Sample
The ARDSNet recorded preenrollment ventilator management data on 2,451 subjects with ALI/ARDS in six clinical trials between 1996 and 2005. In the 48-hour period before enrollment, 2,112 subjects (86%) were managed with volume-targeted ventilation, 315 (13%) with pressure-targeted ventilation, and 10 (,1%) with other modes of ventilation. We could not adequately determine the preenrollment mode of ventilation in 14 subjects (,1% 2 , PEEP, or APACHE III score; 58 (3%) did not meet the hypoxemic criterion for ALI/ARDS in the arterial blood gas that immediately preceded enrollment; and one subject did not have a hospital admission date. We excluded data for one subject who had a preenrollment tidal volume of 1.5 ml/kg PBW. Fifty-nine percent (1,249/2,112) of patients with ALI/ARDS who received volume-targeted ventilation before enrollment were managed with the ARDS low-tidal volume protocol after enrollment and had complete data for regression analysis.
Modes of Ventilation
Of 2,437 subjects with a recorded mode of ventilation before enrollment between 1996 and 2005, 1,720 (71%) were managed with the assist-control mode ( Figure 1A ). The proportion of subjects managed with assist-control increased from 61% in 1996 to 82% in 2005. During the tidal volume trial, there was no change in the proportion of patients managed with assist-control over time (Cochran-Armitage statistic 5 1.9; P 5 0.168). After completion of the trial, assist-control was used with increasing frequency over time (Cochran-Armitage statistic 5 16.7; P , 0.001). The proportion of patients managed with the synchronized-intermittent mandatory ventilation mode decreased over time, from 22% in 1996 to 3% in 2005 ( Figure 1A ). The proportion of patients managed with pressure control ventilation also decreased, from 14% in 1996 to 6% in 2005. After completion of the tidal volume trial, both synchronized-intermittent mandatory ventilation (Cochran-Armitage statistic 5 28.0; P , 0.001) and pressure control ventilation (Cochran-Armitage statistic 5 8.5; P 5 0.004) were used less frequently over time.
Trends in Volume-targeted Ventilation
Of the 2,112 patients who received volume-targeted ventilation before enrollment, 1,948 had a recorded preenrollment tidal volume in milliliters per kilogram of PBW. Of these, 578 had a preenrollment tidal volume before completion of the trial (March 1996 to March 1999) and 1,370 had a preenrollment tidal volume after completion of the trial (April 1999 to October 2005). Patients with ALI/ARDS received lower preenrollment tidal volumes over time at ARDSNet hospitals. When stratified by categories of preenrollment tidal volume, 17% (100/578) of patients received preenrollment tidal volume greater than 12 ml/ kg PBW and 2% (12/578) received preenrollment tidal volume of 6.5 ml/kg PBW or less during the tidal volume trial ( Figure 1B ). In contrast, after completion of the trial, 3% (37/1,370) of patients received a preenrollment tidal volume greater than 12 ml/kg PBW (x 2 statistic 5 130.3; P , 0.001) and 32% (432/ 1,370) received a preenrollment tidal volume of 6.5 ml/kg PBW or less (x 2 statistic 5 198.7; P , 0.001). In 2005, only two patients (1%) received preenrollment tidal volumes greater than 12 ml/kg PBW, whereas 40% (70/177) received tidal volumes of 6.5 ml/kg PBW or less. The decrease in preenrollment tidal volume over time was consistent across all participating hospitals ( Figure 1C) .
Median preenrollment tidal volume decreased from 10.3 ml/ kg PBW (interquartile range [IQR], 9.2-11.5) during the tidal volume trial to 7.3 ml/kg PBW (IQR, 6.3-8.6) after completion of the trial ( Figure 2A ; median test; P , 0.001). By 2005, median preenrollment tidal volume had decreased to 6.8 ml/kg PBW (IQR, 6.1-7.7). The rate of decrease in preenrollment tidal volume was also different over time. During the tidal volume trial, mean preenrollment tidal volume did not change significantly between March 1996 and March 1999 (t-statistic 5 0.45; P 5 0.627). After completion of the tidal volume trial, however, patients were managed with a consistently lower mean preenrollment tidal volume over time (t-statistic 5 29.7; P , 0.001).
Of 2,112 patients who were managed with volume-targeted ventilation before enrollment, 1,748 had a recorded preenrollment Pplat. Of these, 624 had a recorded preenrollment Pplat before completion of the tidal volume trial (March 1996 to March 1999) and 1,124 had a recorded preenrollment Pplat after completion of the trial (April 1999 to October 2005). Mean preenrollment Pplat was 27.7 cm H 2 O (SD, 7.5), and decreased Physicians used lower preenrollment tidal volumes after completion of the tidal volume trial, but there was no relationship between preenrollment Pplat and preenrollment tidal volume (Figure 3 
There was a strong reciprocal relationship between preenrollment Pplat and preenrollment respiratory system static compliance ( Figure 4A ). On the other hand, there was a less obvious relationship between preenrollment Pplat and preenrollment tidal volume ( Figure 4B) , and between preenrollment static respiratory system compliance and preenrollment tidal volume ( Figure 4C ). (18/857) during the tidal volume trial to less than 1% (8/1,565) after completion of the tidal volume trial (x 2 statistic 5 11.7; P , 0.001).
Hospital Mortality
Hospital mortality was 30% (729/2,427) in patients managed with either volume-targeted ventilation or pressure-targeted ventilation before enrollment. In the subset of patients who were managed with either volume-targeted ventilation or pressuretargeted ventilation before enrollment and who received the lower tidal volume protocol after enrollment in ARDSNet trials, hospital mortality was 28% (559/2,002) ( Figure 2C ). In this subset of patients, hospital mortality did not vary over time (CochranArmitage statistic 5 2.1; P 5 0.279).
In single variable analysis, the unadjusted log odds of death was constant between preenrollment tidal volume of 3 and 10 ml/kg PBW and increased for preenrollment tidal volume greater than 10 ml/kg PBW ( Figure 6A ). In multivariable analysis, however, preenrollment tidal volume was not significantly associated with hospital mortality ( Figure 6B ; likelihood ratio test P value 5 0.566). On the other hand, preenrollment Pplat was linearly related with the log odds of death in single variable ( Figure 6C ) and multivariable analysis ( Figure 6D) Hispanic ethnicity. These five predictors were statistically significant at the 0.05 level.
DISCUSSION
This study demonstrates that physicians at ARDSNet hospitals changed how they managed patients with ALI after completion of the tidal volume trial. These changes were most apparent in preenrollment tidal volumes and modes of ventilation. Although median preenrollment (usual care) tidal volumes decreased from 10.3 ml/kg PBW in 1996 to 6.8 ml/kg PBW in 2005, there was still substantial variation in this aspect of clinical practice. Nonetheless, exposures of less than 48 hours to moderate or high tidal volumes did not increase the chance of death in patients who were subsequently managed with low tidal volumes. On the other hand, plateau pressures in the first 48 hours of ALI were strongly associated with hospital mortality.
Mechanical ventilation with lower tidal volumes has been associated with decreased hospital mortality in the ARDSNet clinical trial (2), in two smaller randomized trials (21, 22) , and in uncontrolled, observational studies (23) (24) (25) . In experimental models, ventilator-induced lung injury occurred within minutes to hours of exposure to mechanical ventilation with high tidal volumes and high airway pressures (26) (27) (28) (29) . Moreover, in humans with ALI, concentrations of inflammatory mediators in the bloodstream and bronchoalveolar fluid were significantly higher 1 hour after tidal volumes were raised from 5 to 12 ml/kg of PBW (30) . We therefore hypothesized that exposures of less than 48 hours to higher preenrollment tidal volumes among patients who were enrolled into clinical trials increased the chance of death. Instead, we found that exposures to preenrollment higher tidal volumes for as many as 48 hours after onset of ALI did not increase the chance of death when these exposures were followed by mechanical ventilation with lower tidal volumes after enrollment. Although an explanation for this finding is not evident, we offer some potential explanations. First, subsequent ventilation with lower tidal volumes may have allowed sufficient recovery from early ventilator-induced lung injury such that mortality was not affected. Second, our analysis may have been underpowered to establish a statistically significant relationship between preenrollment tidal volume and hospital mortality. Third, some patients with high preenrollment tidal volumes may have died before enrollment or were moribund and not enrolled in clinical trials. We did not have information on patients with ALI who died within 48 hours, but in an unpublished analysis of data from academic hospitals in a recent study (1) , 9% of deaths from ALI occurred within 48 hours of onset (Dr. Gordon Rubenfeld, University of Toronto, personal communication). Finally, traditional tidal volumes of 15 to 20 ml/kg of PBW or tolerance of very high plateau pressures, which by today's standards would be considered injurious, were no longer reflected in usual-care practices for enrolled patients during these trials. Of greater importance, however, is that patients at participating hospitals who are not enrolled in ARDSNet clinical trials are likely receiving, on average, lower tidal volumes than before completion of the trial, and consequently have a better chance of survival.
Earlier reports found only a modest change in physician practice in the 2-year period after publication of the tidal volume trial (7, 8) . Some authors speculated that this lack of change was a consequence of the underlying controversies regarding the interpretation of the tidal volume trial (31). Our findings, however, are quite different from those reported in previous studies. There was a gradual and ultimately substantial effect on preenrollment tidal volumes at ARDSNet hospitals after completion of the tidal volume trial. Thus, clinically relevant research can affect clinical behavior. Because our results are based on data from patients enrolled into ARDSNet trials, these findings may not be generalizable to nonenrolled patients or to patients from other academic or community hospitals.
Although our analysis shows that some aspects of clinical practice have changed in response to the tidal volume trial, there are other aspects that have either met resistance to change or will take longer to change. For example, although physicians used lower tidal volumes after the tidal volume trial, these tidal volumes were the same regardless of plateau pressure. Other investigators have suggested that physicians might have titrated tidal volumes according to some marker of disease severity such as plateau pressure (32, 33) , but our results are not consistent with this hypothesis. If a substantial proportion of physicians had titrated preenrollment tidal volumes according to plateau pressures, then we probably would have seen lower tidal volumes at higher plateau pressures. However, we observed the opposite relationship. That is, preenrollment physician-prescribed tidal volumes were either the same or greater at higher levels of plateau pressure. A positive slope between preenrollment Pplat and tidal volume is expected physiologically, and suggests that the majority of physicians had not adjusted tidal volumes according to plateau pressure (34) . On the other hand, once on the protocol, the slope between tidal volume and Pplat was negative because tidal volumes were reduced according to the protocol when plateau pressures were greater than 30 cm H 2 O.
We did not use static respiratory system compliance in our analysis because of the strong relationship between static respiratory system compliance, tidal volume, and inspiratory Pplat. First, there is a strong reciprocal relationship between static respiratory system compliance and Pplat. Therefore, in a regression analysis, it may be difficult to separate the contributions of static respiratory system compliance from Pplat. Second, when adjusted for tidal volume, compliance is likely to provide similar information as Pplat. Third, compliance is a calculated value that depends on physician-prescribed tidal volume and recorded Pplat. Because pressure-volume curves are curvilinear, static respiratory system compliance varies with tidal volume size (35) . Therefore, the use of calculated chord compliances may lead to inappropriate associations between static respiratory system compliance and tidal volume (34) .
Although we documented that physician-prescribed tidal volumes were on average lower after the tidal volume trial than during the trial, tidal volumes remained highly variable. In addition, changes in clinician behavior were gradual. Like most advances in medicine, the use of lower tidal volumes disseminated slowly across ARDSNet hospitals (36) . Some physicians may have maintained different priorities of care including maintenance of acid-base homeostasis and breathing comfort (37) . Other explanations for the slow adoption of lower tidal volumes are that there was a lack of early recognition of ALI (4), and that there was uncertainty about the comparability of lower and intermediate tidal volumes, which may be easier to use. On the other hand, the proportion of physicians who prescribed tidal volumes greater than 12 ml/kg of PBW was substantially lower shortly after completion of the tidal volume trial.
Previous authors hypothesized that the effect of Pplat on hospital mortality was J-shaped, with a nadir in hospital mortality at plateau pressures between 28 and 32 cm H 2 O (3). Other authors suggested that there was a safe upper limit for plateau pressures of approximately 30 to 35 cm H 2 O (38, 39). Our results show that the relationship between preenrollment Pplat and hospital mortality (in the log odds scale) was linear, extended to plateau pressures that were below 30 cm H 2 O, and was statistically significant even after adjusting for preenrollment tidal volume and other baseline variables. Given that Pplat is determined by respiratory system compliance and tidal volume, and that exposures of less than 48 hours to a range of preenrollment tidal volumes did not affect hospital mortality, it follows that the relationship between preenrollment Pplat and hospital mortality may reflect severity of disease independent of the effect of tidal volume. Thus, Pplat measured early in the course of ALI, when adjusted for tidal volume, is a respiratory system-specific value that has strong prognostic significance. Our finding differs from a previous study (32) that demonstrated a linear but nonsignificant relationship between Pplat and hospital mortality after adjusting for confounders. One possibility for this difference is that the previous study, with 467 patients, was underpowered to demonstrate a statistically significant relationship. Another possibility is that the ARDSNet hospitals used a similar ventilation strategy in the postenrollment period for all patients, whereas there was substantial variability in mechanical ventilation practices across the 361 intensive care units included in the previous study. That is, interpretation of the effect of Pplat on hospital mortality may be less comparable between studies because of the lack of a uniform ventilation strategy and the lack of adjustment for tidal volume in the previous study.
Another aspect of clinical care that changed very little after completion of the tidal volume trial was the use of PEEP. Although the tidal volume trial was not designed to compare levels of PEEP, it used a systematic titration of PEEP and FI O 2 according to Pa O 2 . Our data suggest that PEEP was not adjusted precisely according to patient characteristics in the first 48 hours. In our analysis, early levels of PEEP did not predict hospital mortality. Furthermore, the proportion of patients managed with zero PEEP (<2%) at ARDSNet hospitals was very small and lower than the 7% reported in a previous multicenter, international study (32) .
In summary, clinical practice of mechanical ventilation at ARDSNet hospitals changed after completion of the tidal volume trial, resulting in a gradual but ultimately substantial reduction in usual care tidal volumes. We were unable to detect a difference in mortality with the use of higher tidal volumes for up to 48 hours in patients who were enrolled in our clinical trials and who were subsequently managed with lower tidal volumes. Finally, we found that Pplat in the first 48 hours of ALI, after accounting for tidal volume, is a respiratory system-specific value that carries strong prognostic significance.
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